Abstract
Introduction
Lithium has been used for the treatment of bipolar disorder for more than 50 years without knowledge of its exact mechanism of action [1, 2] . An improved understanding of the molecular mechanism of the therapeutic action of Li + requires the investigation of the binding of Li binds in these cells [3] [4] [5] . In a 7 Li NMR relaxation study, the major Li + binding site in RBCs was determined to be the plasma membrane. In contrast, other RBC components such as hemoglobin, spectrin, 2,3-bisphosphoglycerate, and ATP were found to contribute only minimally toward Li + binding [5] . It was further determined that the inner leaflet of the plasma membrane contributed more extensively to Li + binding than did the outer leaflet, due to the presence of more anionic phospholipids in the inner leaflet [5] . In a more recent study, it was demonstrated qualitatively that Li + was immobilized more in intact human neuroblastoma SH-SY5Y cells, a nerve cell model, than in intact RBCs [6] . Comparable Li + binding was, however, observed in suspensions of RBC and neuroblastoma plasma membranes [6] . This observation suggests that additional Li + binding sites accounted for the greater extent of Li + immobilization in neuroblastoma cells than in RBCs.
Membrane abnormalities have been suggested to occur in bipolar illness, based on observations of irregular Li + -transport rates and phospholipid membrane composition in RBCs from Li + -treated bipolar patients [7] . In particular, it has been found that rates of Na + -Li + exchange in RBCs were significantly lower in Li + -treated bipolar patients than in normal individuals [8, 9] . Three weeks after discontinuation of Li + treatment, however, the Na + -Li + exchange rates in these same patients returned to normal values, indicating an effect of Li + treatment [10, 11] . Abnormal phospholipid composition has been observed in the RBC plasma membranes of Li + -treated bipolar patients [9] , which may explain that the decrease in Na + /Li + transport rates results from altered interactions between metal ions and membrane proteins or lipids. Li + has been demonstrated to have varying binding affinities to different phospholipids isolated from RBC plasma membranes [12] . Specifically, Li + was shown to have the highest binding affinity to phosphatidyl serine (PS), followed by phosphatidyl inositol (PI). Sphingomyelin (SM), phosphatidyl ethanolamine (PE), h-acyl-g-alkylphosphatidylcholine (PC AA ), and phosphatidyl choline (PC) were shown to have lower binding affinities to Li + than PS or PI. In contrast to the case of RBCs, the Na + -Ca 2+ exchanger, and, to a smaller extent, the voltage-sensitive Na + channel and the Na + -Li + exchanger, are the main Li + transport pathways in neuronal cells [6, 13] . Unlike in RBCs, in neuronal cells from bipolar patients, however, the effects of Li + on Na + -Ca 2+ exchange and on Na + -Li + exchange, as well as on voltagesensitive Na + transport rates, are unknown. Because the presumed site of Li + action in bipolar illness is neuronal tissue, the relationship between the membrane abnormality hypothesis in neuronal tissue and the pharmacologic action of Li + warrants further exploration. To further our understanding of the applicability of this membrane abnormality hypothesis to neuronal cells, we examined two aspects of Li + action in human neuroblastoma SH-SY5Y cells: (1) the identification of major intracellular site(s) of Li + binding and (2) the effect of chronic Li + treatment on these binding sites. Using differential centrifugation techniques, we isolated subcellular fractions from human neuroblastoma SH-SY5Y cells. We used the ratio of measured 7 Li NMR spin -lattice (T 1 ) to spin -spin (T 2 ) relaxation rates, which is a sensitive measure of molecular mobility [3, 4] 
Materials and methods

Materials
The human neuroblastoma SH-SY5Y cell line was provided by Dr. E. Stubbs, Jr. (Department of Neurology, Loyola University Medical Center). The Bradford dye for the protein assay was purchased from Bio-Rad Laboratories (Hercules, CA). Pure phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL), and Nunclon TripleFlask flasks were from Fisher Scientific (Pittsburgh, PA). All other biochemicals and inorganic salts were purchased from Sigma Chemical Company (St. Louis, MO).
Preparation of human neuroblastoma SH-SY5Y cell fractions
Human neuroblastoma SH-SY5Y cells were grown for 4 -6 weeks with 0, 2.5, or 5.0 mM LiCl supplemented in the growth medium and harvested as previously described [14] . We confirmed that the cells were viable in the absence and presence of up to 5.0 mM Li + (>90%) using a Trypan Blue test. The viability of neuroblastoma SH-SY5Y cells is unaltered after chronic Li + incubation [15] . For each fractionation method, the mixture of protease inhibitors consisted of 1.0 mM phenylmethylsulfonyl fluoride, 0.1 AM pepstatin, and 50.0 AM leupeptin [16] . All buffers were kept on ice during preparation, washing, and storage. Each final pellet was washed twice with 5.0 mM Tris -HCl (pH 7.3) buffer for plasma and nuclear membranes and microsomes or with 20 mM Tris -Cl (pH 7.4) and 145 mM tetramethylammonium chloride buffer for the intact organelles (nuclei and mitochondria). Membranes and intact organelles were stored at À80 -C for less than 2 weeks before use.
The cell homogenate was prepared by lysing of harvested cells in a 5.0 mM Tris -Cl buffer (pH 7.3). The cytosol and cytosol-free fractions were further purified from the cell homogenate fraction by centrifugation (100,000Âg/60 min/4 -C), in which the resulting supernatant and pellet were used for the preparation of cytosol and cytosol-free fractions, respectively. In each case, the isolated fraction was washed twice (100,000Âg/60 min/4 -C), and the supernatants and the pellet were kept. The pellet was the cytosol-free cell fraction, whereas the supernatants were combined and concentrated by passage through a 3000 MW filter with a low-speed centrifuge to yield the cytosol fraction.
Two modified methods were used for isolating the plasma membrane fraction [17, 18] , in which the first pellet (obtained at low speed) was washed twice more and the supernatants were combined for the higher speed pelleting step to increase the total protein yield of the plasma membrane fraction. The nuclei were prepared as described previously [19] . For the nuclear membrane, first the nuclei were prepared [19] and then the nuclear membrane was isolated by a published procedure [20] . For the microsomal [21] and mitochondrial [22] isolations, the fractions were isolated as previously described.
Assays of subcellular fractions
To determine the protein concentration for each subcellular fraction, a modified Bradford protein assay with detergent was used [23] . The cytosol marker lactic dehydrogenase [24] , the plasma membrane marker phosphodiesterase I [25] , the mitochondrial marker succinate dehydrogenase [22] , the nuclear marker DNA [26] , and the microsomal marker NADH-cytochrome c reductase [22] were assayed as described previously.
The purification level -a measure of sample purity -of each subcellular fraction was obtained by dividing the specific activity of the particular sample by the specific activity of the cell homogenate. Thus, the specific activities of the enzymes and the amount of DNA in the different fractions were normalized to the specific activities of the same enzymes or to the amount of DNA in the cell homogenate fraction. We evaluated relative levels of purity or contamination by dividing the purification level of a particular enzyme or DNA by the sum of all the purification levels for a given subcellular fraction. For example, for the cytosol fraction, its relative purity was assessed by dividing the purification level of the cytosolic enzyme by the sum of all purification levels for the markers in the cytosol fraction.
Extraction of phospholipids and concentration determination
Phospholipids were extracted from membrane fractions [27] and dissolved in 400 Al chloroform/150 Al methanol/50 Al aqueous 0.2 M cesium-EDTA [28] . To assign phospholipids using 31 P NMR, we used a combination of values from the 31 P chemical shift literature in similar solvents [29, 30] and of 31 P NMR samples spiked with pure phospholipids. For sample spiking, we added pure phospholipids, namely, PC, PC AA , phosphatidylethanolamine plasmogen (PE P ), PE, PI, PS, and SM, to the phospholipid sample after the initial NMR experiment. 7 Li NMR experiments were conducted with a Varian INOVA-300 NMR, a Varian VXR-300 NMR or a Varian VXR-400S NMR spectrometer equipped with multinuclear 10 mm broadband probes at 116.5 MHz or 155.3 MHz, respectively. Samples were run at 37 -C in 10-mm NMR tubes spinning at 18 Hz. 7 Li NMR T 1 relaxation measurements were conducted by use of the inversion recovery pulse sequence, [D 1 À (180-À s À 90-)] n , whereas T 2 relaxation measurements were conducted by use of the Carr -Purcell-
Instrumentation
Each relaxation value was determined with 7 interpulse delay values (s), a number of transients (n ! 2), an acquisition time of 0.979 s, a pre-acquisition delay (D 1 ) of 5 times the maximum expected T 1 value, and 19584 data points. 31 P NMR experiments on extracted phospholipids were conducted with a Varian VXR-400S NMR spectrometer equipped with a multinuclear 5 mm broad bandprobe at 161.9 MHz with an acquisition time of 0.8 s, 2432 data points, a sweep width of 1518 Hz, a delay time of 1.2 s, a 45-pulse angle, and inverse-gated proton decoupling. Using the Varian INOVA-300 NMR spectrometer, we conducted 31 P NMR control experiments with a 90-pulse angle and a delay time of 10 s as well as experiments with a 45-pulse angle and a delay time of 1.2 s, the latter being the parameters used with the Varian VXR-400S NMR spectrometer. In both cases, the areas of the 31 P NMR phospholipid resonances were not significantly different, indicating that the shorter pulse and delay time used in all reported experiments were sufficient to ensure complete relaxation of all observed phospholipid peaks.
All UV/visible absorbance measurements necessary for assays of subcellular fractions and protein determinations were made on a Jasco Model V-500 spectrophotometer. We measured the sample viscosities with a Brookfied Cone Plate viscometer equipped with a 0.8-CP-40 cone at 12 rpm. For the cellular fractions, a 200 AM standard of polyvinyl-pyrrolidone (PVP, MW-360,000) was used for adjusting the viscosity of the sample to 5 cP; the value of 5 cP was chosen because this is a reasonable estimate of intracellular viscosity [31] . A Beckman J2-21 centrifuge with fixed-angle rotors (JA-14 or JA-20A) was used for the lower-speed cell fractionation procedures and for harvesting of cells. A Dupont RC 60 ultracentrifuge with a T-865 rotor was used for higher-speed procedures.
Determination of Li
þ binding from 7 Li NMR T 1 and T 2 relaxation rates
The 7 Li NMR T 1 /T 2 ratio was used for determining qualitatively the degree of Li + immobilization in the different subcellular fractions [5, 6, 32] . In order to make the interpretation of our 7 Li NMR relaxation data under-standable to those readers who are non-specialists in NMR spectroscopy, we briefly describe in this section the theoretical background necessary for evaluating our NMR relaxation results. The T 1 and T 2 NMR relaxation times of the 7 Li nucleus are dependent on the Li + rotational correlation time (s c ), a scale of Li + motion, which is assumed to be isotropic. When the Li + ion is free, the s c value of 7 Li is short with respect to its NMR resonance frequency x (xs c << 1), resulting in T 1 å T 2 . When Li + binds and as its immobilization increases, s c becomes larger, and when xs c >> 1 one observes that T 1 > T 2 .
Only one type of Li + binding site is generally assumed to be present, as well as mono-exponential relaxation of the 7 Li nucleus and fast exchange of Li + between free and bound states [5, 6, 32] . These are reasonable assumptions, considering the high lability and low association constants of Li + binding, the lack of sensitivity of the chemical shift and relaxation times of the 7 Li nucleus to the type of coordinating atoms present in its binding site(s) and its small quadrupolar coupling constant, which lead to long relaxation times [5, 6, 32] . Relaxation of the 7 Li nucleus is governed by a major dipolar contribution, with a small quadrupolar contribution, due to its small quadrupolar coupling constant and the small distortions from axial symmetry expected for the Li + coordination with biological ligands [32] . Under these conditions, the major dipolar contribution to the 7 Li nucleus for the observed T 1 relaxation time is directly proportional to s c , whereas the observed T 2 relaxation is inversely proportional to s c [32] . Therefore, the 7 Li NMR T 1 /T 2 relaxation ratio is directly proportional to s c 2 , (T 1 /T 2 ) dd " s c 2 , making this ratio a valuable measure of the degree of Li + immobilization, which is independent of the fraction of bound Li + and Li + binding affinity [32] . Although the small quadrupolar contribution to 7 Li (I = 3/2) relaxation could in principle be biexponential [33 34 ], Li + bound to cells in fast exchange conditions is found to undergo mono-exponential relaxation [5] . Then, when xs c >> 1, again ( 
2 ( q zz is the electrical field gradient at the nucleus, which is assumed to be axial) [35] . In contrast, the observation that the linewidth of the quadrupolar central transition (À1/2 S +1/2) of quadrupolar nuclei (e.g. 27 Al) in high-affinity metal ions bound to large proteins, such as transferrins, is proportional to s c À1 , or T 2 " s c , in the slow tumbling limit [36, 37] , does not apply to the present 7 Li studies. Thus, the expression (T 1 / T 2 ) " s c 2 for 7 Li NMR constitutes a qualitatively reasonable approximation [32] .
We first used the observed T 1 and T 2 values of subcellular fractions containing Li + at concentrations of 2.0, 4.0, 6.0, and 500 mM (see Table 2 [5, 6, 32] . 31 
P NMR
The percentage of each phospholipid was determined by integration of the assigned resonances with normalization to 100% by use of the NMR software [12] . Once the phospholipid extract was measured by 31 P NMR, a known amount of pure phospholipid was added, and the extract was remeasured by 31 P NMR spectroscopy. All samples were spiked with a known concentration of PC, our internal reference, for determining the total phospholipid concentration, which was calculated from the following equation:
where TP corresponded to the total phospholipid per total protein concentration (mg phospholipid/ mg protein), W PC was the known amount of added phospholipid (mg), and A P and V were the area of the specific phospholipid peak from the 31 P NMR spectrum and the volume of the solvents that were used to dissolve the phospholipid extract, respectively. A s and V s were the peak area of the spiked phospholipid resonance and the volume of the sample after the addition of the pure phospholipid, and V m corresponded to the initial volume of the phospholipid extract.
[Pro] was the protein concentration of the extract, and PC% (v/v) was the percentage of phosphatidyl choline added to the phospholipid extract.
Data analysis
Data are expressed as means T S.D. and P < 0.05 was considered significant. Statistical significance was determined by using a Student's t-test.
Results and discussion
Characterization of human neuroblastoma SH-SY5Y subcellular fractions
Before investigating the degree of Li + binding in the various subcellular fractions, we assayed enzymes or DNA specific to each individual organelle (see Materials and methods) for determination of the purity of each isolated subcellular fraction (Fig. 1) . The enzyme or DNA assay data for the subcellular fractions were expressed as purification levels, with the cell homogenate fraction being assigned a value of 1 (Fig. 1) ; therefore, any fraction containing a purification factor greater than 1 (or less than 1) had more (or less) specific enzyme activity or DNA amount of that particular subcellular marker.
The cytosol fraction showed a significant increase ( P < 0.0005) in the purification level of the cytosol marker enzyme (clear bar, Fig. 1 ) and a simultaneous significant decrease ( P < 0.0001) in the activities of all the other enzyme or DNA markers (all statistical analyses in this paragraph are relative to the respective enzymatic marker assays of the cell homogenate fraction). The cytosol-free cell homogenate showed a significant decrease ( P < 0.0001) in the purification level of the cytosol enzyme marker (clear bar), while showing significant increases in the purification levels of the markers for the PM ( P < 0.0004), mitochondria ( P < 0.0014), and nuclei ( P < 0.0001). The purification level of microsomes in the cytosol-free fraction was not statistically different from that in the cell homogenate fraction ( P < 1.00). One of the plasma membrane-enriched fractions, PM 1 [17] , showed a significant increase ( P < 0.04) in the purification level of the plasma membrane marker (black bar), with significant contamination ( P < 0.016) of microsomes (horizontally striped bar). The other plasma membrane fraction, PM 2 [18] , showed a greater significant increase ( P < 0.0001) in the plasma membrane marker (black bar), with significant contamination ( P < 0.0004) of mitochondria (gray bar). The nuclear fraction showed a significant increase ( P < 0.0001) in the content of DNA (slanted striped bar), with significant contamination ( P < 0.03) of the plasma membrane (black bar). For the mitochondrial fraction, there was a significant increase ( P < 0.003) in the mitochondrial purification level (gray bar), but a significant contamination ( P < 0.0001) of plasma membrane remained (black bar). The microsomal fraction showed a significant increase ( P < 0.0001) in the microsomal marker (horizontally striped bar), with significant contamination ( P < 0.0001 and P < 0.0007, respectively) of the plasma membrane (black bar) and nuclei (slanted striped bar).
Optimization of experimental conditions for Li þ binding
Before examining Li + binding to the subcellular fractions, we performed control experiments on the cell homogenate to determine whether different factors (such as storage time of the sample, viscosity of the sample, and radiofrequency) significantly affected the 7 Li NMR T 1 /T 2 ratios. We determined the 7 Li NMR T 1 /T 2 ratio values (mean T S.D., n = 3) for cell homogenate samples treated with Li + at concentrations of 2.0, 4.0, or 6.0 mM under 4 different experimental conditions (Table 1) : (1) freshly prepared and used immediately; (2) stored for less than 2 weeks at À80.0 -C; (3) same as 2 with the viscosity adjusted to 5 cP (see Materials and methods); (4) same as 3, except a VXR-400S NMR spectrometer rather than a Varian VXR-300 NMR spectrometer was used. The 7 Li NMR T 1 /T 2 ratios demonstrated no significant difference ( P > 0.05) in the ratios at comparable Li + concentrations under the different conditions of storage, sample viscosity, and NMR radiofrequency. These observations indicate that no significant change in Li + immobilization occurs in the cell homogenate under these various conditions. For all remaining 7 Li NMR data described in this study, the selected experimental conditions for all of the subcellular samples were: storage for less than 2 weeks at À80.0 -C with the viscosity adjusted to 5 cP, with measurements performed on either a Varian VXR-300 or VXR-400 NMR spectrometer.
Li þ binding to human neuroblastoma SH-SY5Y subcellular fractions
In Table 2 , the 7 Li NMR T 1 , T 2 , and T 1 /T 2 ratios are presented for the neuroblastoma subcellular fractions. The cytosol, nuclear and mitochondrial fractions were found to have small 7 Li NMR T 1 /T 2 ratios. By contrast, large 7 Li NMR T 1 /T 2 ratios were observed with the plasma membrane, microsomal, and cytosol-free cell homogenate fractions. Further examination of Li + binding was done by determination of Li + binding affinities via James-Noggle plots (see Fig. 2A b The difference between the two different plasma membrane fractions is in the procedures by which they were isolated (see Materials and methods).
* P<0.001, significant differences in I 1 /I 2 ratio values. a Each value reported (n = 3) represents the mean T S.D. For each [Li + ], the 7 Li NMR T 1 , T 2 , and T 1 /T 2 ratio values are not significantly different ( P > 0.05). For all samples, the protein concentration was 8.0 T 0.5 mg/ml. By using additional fractionation procedures, we isolated subcellular fractions within the cytosol-free cell homogenate fraction and examined them for Li + binding. As illustrated in Table 2 , the greatest 7 Li NMR T 1 /T 2 ratios occurred with both plasma membrane and microsomal fractions. Two different isolation procedures were used for obtaining the plasma membrane fraction. For the first plasma membrane fraction (PM 1 ), mitochondrial and microsomal contaminations were detected (¨25% and¨31%, respectively). In the PM 2 fraction, however, the contamination from the microsomes was¨14.5%, and the amount of mitochondria remained the same (¨25%) as for the PM 1 fraction. Overall, the PM 2 fraction had a higher purity (¨46%) as compared to the PM 1 (¨31%). Therefore, as the plasma membrane enrichment increases, more Li + binding occurs, as indicated by the significantly larger 7 Li NMR T 1 /T 2 ratios obtained with PM 2 fractions relative to those of PM 1 fractions titrated with the same Li + concentrations ( P < 0.001; Table 2 ). The other fraction that contained significant Li + binding was the microsomal fraction, which was contaminated with plasma membrane and nuclei (¨48% and¨16%, respectively). Surprisingly, the microsome-enriched fraction had the largest amount of the enzymatic marker for the plasma membrane as compared to the other fractions, and yet, it had a significantly smaller 7 Li NMR T 1 /T 2 ratio than did the PM 2 fraction ( P < 0.001). From these data alone, it is unclear whether the larger 7 Li NMR T 1 /T 2 ratio of the PM 2 fraction as compared to the microsomal fraction is due to the presence of the plasma membrane or of microsomes alone, or to both. Because of the significant plasma membrane contamination in the microsomal fraction, the attribution of Li + binding to microsomes needs to be interpreted with caution.
To test the hypothesis that Li + binding is specific to membrane fractions in general, we isolated the nuclear membrane from the nuclear-enriched fraction. The nuclear membrane fraction was assumed to have a high purity, because it was obtained from the intact nuclear fraction, which had a purity of¨60%. This fraction was titrated with LiCl at the concentrations of 2.0, 4.0, or 6.0 mM, yielding 7 Li NMR T 1 /T 2 ratios (mean T S.D., n =3) of 38T 6, 26 T 1, or 27 T 6, respectively. As compared to the nuclear fraction (see Table 2 ), the ratio values of the nuclear membrane samples were significantly larger for each Li + concentration investigated ( P < 0.007). Therefore, the nuclear membrane binds Li + to a greater degree than does the intact nuclear fraction. Based on the 7 Li NMR binding data obtained with nuclear fractions and nuclear membrane samples, we conclude that membrane domains are the major Li + binding sites in neuronal systems. In support of this conclusion, the mitochondria-, cytosol-, and nuclear-enriched fractions exhibited much smaller 7 Li NMR T 1 /T 2 ratios and hence lower levels of Li + binding and immobilization. Even though the mitochondria-enriched fraction contained a significant contamination of plasma membrane (¨45%), the 7 Li NMR T 1 /T 2 ratio was small, presumably due to the presence of intact mitochondria. Moreover, the intact nuclear fraction, which was relatively pure (¨60%), had small 7 Li NMR T 1 /T 2 ratios. Even though these intact organelles are not major Li + binding sites, there may be major Li + binding sites within these organelles, as indicated by the increase in the T 1 /T 2 ratios of the nuclear membrane fractions as compared to those in intact nuclei.
The above analysis of T 1 /T 2 ratios is generally confirmed by the relative values of the T 2 data (Table 2) , as the relative order of T 1 /T 2 ratios is virtually the same (inverted) as that of T 2 . This is because the effect of s c on T 1 is much smaller than on T 2 , so the latter dominates the ratio.
Percentage of phospholipids in the subcellular fractions
We determined the phospholipid composition in the plasma membrane and cell homogenate fractions of human neuroblastoma SH-SY5Y cells and the effect of chronic Li + treatment on their phospholipid concentrations because: (1) the major Li + binding sites were present in membrane domains, (2) the phospholipids are major Li + binding sites within membranes [12] , (3) the plasma membrane composition of this cancer cell line has been shown not to be significantly altered compared to normal neuronal tissue [40] , and (4) Li + treatment has been hypothesized to alter phospholipid levels [7, 9] . We chose to investigate the plasma membrane fraction because it had the highest Li + binding affinity, as compared to the microsomal and nuclear membrane fractions. Additionally, we used the second method of plasma membrane purification [18] because it gave the largest yield of plasma membrane, and with the highest purity (Fig. 1 ). Fig. 3 shows a representative 31 P NMR spectrum of phospholipids purified from the plasma membrane-enriched fraction obtained from Li + -free cells. We compared the phospholipid composition in the plasma membrane fraction to the cell homogenate to examine 
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P NMR spectrum of a phospholipid extract from the plasma membrane-enriched fraction in Li + -free cells. The following phospholipids are identified: phosphatidylethanolamine plasmogen (PE P ), phosphatidylethanolamine (PE), spingomyelin (SM), phosphatidylserine (PS), phosphatidylinositol (PI), h-acyl-g-alkylphosphatidylcholine (PC AA ), and phosphatidylcholine (PC). PC was the internal reference for each spectrum and was set to 0.84 ppm.
whether differences existed. The normalized percentages for the phospholipids PS, PI, PC, PC AA , SM, and PE are shown in Table 3 . Comparison under Li + -free conditions of the phospholipid levels between the cell homogenate and the plasma membrane showed that PE levels were significantly larger ( P < 0.05), whereas SM levels were significantly smaller ( P < 0.05) in the plasma membrane relative to those in the cell homogenate; no significant differences ( P > 0.05) were found for the other phospholipids. The total phospholipid concentration in the plasma membrane fractions was significantly larger than that in the cell homogenate ( P < 0.04), as expected, because phospholipids reside primarily in the plasma membrane and are concentrated after centrifugation and enrichment from cell homogenate fractions.
We also determined how chronic Li + treatment affects the phospholipid levels in these two fractions. In the cell homogenate fraction, incubation with 5.0 mM LiCl significantly lowered the concentration of PS ( P < 0.02) and significantly increased the concentration of PI ( P < 0.001) as compared to Li + -free samples. In the presence of either 2.5 or 5.0 mM Li + in the cell homogenate fractions, PE was significantly increased ( P < 0.03 or P < 0.003, respectively) as compared to that in samples that were not subject to Li + preincubation. In the plasma membrane fraction, 2.5 or 5.0 mM Li + incubation was accompanied by a statistically significant decrease in the concentration of PS ( P < 0.03 in both cases) and a significant increase in the concentration of PI ( P < 0.02 and P < 0.01, respectively) as compared to those in Li + -free controls. Li + incubation did not produce any significant change in total phospholipid concentration after chronic incubation with either 2.5 or 5.0 mM LiCl in both the cell homogenate ( P < 0.4 and P < 0.2, respectively) and the plasma membrane fractions ( P < 0.1 and P < 0.09, respectively) as compared to fractions that were not preincubated with Li + . Determination of phospholipid composition in synaptic plasma membranes from rat brain by two-dimensional thinlayer chromatography showed decreases in PS levels upon Li + incubation, in agreement with our observations, but, in contrast to our findings, no significant changes in PI levels [41] . Other studies have reported a decrease in PI levels [42, 43] , whereas other investigations did not observe any significant changes in PI [44, 45] or inositol [46] , its precursor, upon exposure to Li + . In agreement with our measures, however, a recent study that used 31 P magnetic resonance spectroscopic imaging of the human brain of healthy subjects, also reported an increase in phosphomonoesters, including PI, following lithium administration [47] .
Contradictory findings on the effect of Li + on PI and inositol levels may have multiple reasons, including: (1) the accuracies and sensitivities of the different analytical tools used in separate laboratories. A large number of studies on the phospholipid composition of membranes and inositol metabolism have used two-dimensional thin-layer chromatography [41, 42, 44, 45] or HPLC [46] , which are methods that can only be used for quantitative analysis with great difficulty [43] . In contrast, the accuracy of the 31 P NMR method for the analysis of the phospholipid composition of membranes has long been established [27 -30,43,47,48] , Table 3 Phospholipid composition (%) of the human neuroblastoma cell homogenate and plasma membrane fraction in the absence (0 mM LiCl) or after chronic treatment of cells with 2. P NMR phospholipids resonances were normalized to 100%. b P < 0.02, significant differences in PS and PI levels for cell homogenate fractions that were Li + -free and those that were preincubated with 5.0 mM LiCl. c P < 0.03, significant difference in PS levels for plasma membrane fractions that were Li + -free and those that were preincubated with either 2.5 mM or 5.0 mM LiCl. d P < 0.001, significant differences in PS and PI levels for cell homogenate fractions that were Li + -free and those that were preincubated with 5.0 mM LiCl. e P < 0.02, significant differences in PS levels for plasma membrane fractions that were Li + -free and those that were preincubated with either 2.5 mM or 5.0 mM LiCl.
f P < 0.01, significant differences in PS levels for plasma membrane fractions that were Li + -free and those that were preincubated with either 2.5 mM or 5.0 mM LiCl. g P < 0.05, significant differences between Li + -untreated plasma membrane and cell homogenate fractions in SM or PE, and PLP levels. h PE represents the sum of the partially resolved PE and PE P resonances. i P < 0.03, significant difference in PE levels for cell homogenate fractions that were Li + -free and those that were preincubated with 2.5 mM and 5.0 mM LiCl. j P < 0.003, significant difference in PE levels for cell homogenate fractions that were Li + -free and those that were preincubated with 2.5 mM and 5.0 mM LiCl.
k [PLP] indicates the total phospholipid concentration (in mg of phospholipid per mg of protein). l P < 0.04, significant differences between Li + -untreated plasma membrane and cell homogenate fractions in SM or PE, and PLP levels.
with measurements in vitro [27 -30] being more accurate than those in vivo [43, 47, 48] . Nonetheless, the 31 P NMR method also has its shortcomings. Because of the inherently low sensitivity of NMR spectroscopy, discrepancies have also been observed in studies using the 31 P NMR method. For example, whereas the most recent study by Yildiz et al. [47] found an increase in phosphomonoester concentration, previous studies using the same methodology observed either a decrease [43, 49] or no change [50] in PI levels; the sensitivity problem was, however, addressed in the most recent study [47] that observed an increase in phosphomonoester levels by collecting data from a larger volume of the human brain and by using proton-decoupled 31 P NMR spectroscopy; other reasons include: (2) interspecies differences in PI metabolism [51] ; (3) regional brain differences in inositol metabolism [46, 52] ; 4) differences in response of the PI pathway to the length of time of Li + treatment [52] ; and altered signaling pathways in bipolar patients [53] .
According to the inositol depletion hypothesis for Li + action [54] , Li + uncompetitively inhibits inositol monophosphatase, thereby increasing the levels of inositol phosphates and decreasing the concentrations of inositol, which would presumably lead to a slowing down of the resynthesis of inositol-containing metabolites (including PI) needed for signal transduction. This hypothesis has been challenged because inositol is ubiquitous in the brain and its concentration is above that of the K m value for phosphatidylinositol synthase, the enzyme responsible for the resynthesis of PI from inositol and cytidine diphosphodiacylglycreol [1, 55] . Recent re-evaluations of the inositol depletion hypothesis [1, 47, 55] allow for the possibility of lower inositol levels in overstimulated brain cells that trigger events at several levels of gene expression and signal transduction, including ongoing or enhanced PI resynthesis. An alternative explanation for our observed increase in PI levels upon Li + incubation may involve the inhibition of guanine nucleotide-binding (G) proteins by Li + [56] . At therapeutic levels, Li + inhibits G q , the signaling protein responsible for the activation of phospholipase C [56] . The decreased activation of phospholipase C may result in inhibition of the hydrolysis of phosphatidylinositol-4,5-bisphosphate and the concomitant accumulation of PI levels. Future studies will explore the mechanism(s) responsible for the increase in PI levels observed in SH-SY5Y cells upon Li + incubation. Chronic incubation with either 2.5 or 5.0 mM LiCl resulted in K Li of the plasma membrane-enriched fractions of 363.9 T 36.3 and 493.8 T 63.8 M À1 (mean T S.D., r 2 = 0.92 and 0.94, n = 4), respectively (Fig. 2B) . The Li + binding constant to the plasma membrane incubated with 2.5 mM LiCl was not significantly different ( P < 0.48), but the Li [12] . The approximate 60% decrease in PS present in the plasma membrane extracted from SH-SY5Y cells that were preincubated with 5.0 mM LiCl is not fully compensated by the approximate 50% increase in PI. Based solely on the relative affinities of Li + for pure PS and PI phospholipids in suspension and the relative phospholipid compositions of plasma membranes extracted from cells with and without preincubation with LiCl, one would predict that the plasma membrane isolated from SH-SY5Y cells that were preincubated with 5.0 mM LiCl would be smaller than that for membrane without any LiCl preincubation. The opposite trend was instead observed because the relative affinities of PS and PI for Li + in suspensions of pure phospholipids are not accurate representations of the interactions of Li + with headgroups of PS and PI embedded in a membrane bilayer. Indeed, 2 H NMR studies of liposomes containing a mixture of PS and PC showed that the Li + distribution in the headgroup region of the anionic PS phospholipid is more buried than for the neutral PC phospholipid [57] .
Concluding remarks
Similar to other physiologic ions such as Na + , K + , and Ca 2+ , Li + very likely has access to most intracellular domains, and the location(s) of Li + is (are) probably driven by its electrostatic attraction to major intracellular structures bearing an excess negative charge. By identification of the intracellular location and binding sites of Li + , the understanding of the biochemical action of Li + at the intracellular level and its implications for the hypothesized mechanisms can be further evaluated.
In this report, we have provided evidence by 7 Li and 31 P NMR measurements that membrane domains are the major intracellular Li + binding sites and that the phospholipid composition of the plasma membrane is altered upon Li + incubation. The contributions of other potential anionic binding sites for Li + binding, such as sialic acid residues bound to carbohydrates at the membrane surface and of negatively charged amino acid residues, were not explored in this study.
Progress in lithium research has been hampered by the unavailability of sensitive tools that can probe directly the Li + interactions in cells and with macromolecules at therapeutically relevant Li + concentrations. Although we used advanced spectroscopic techniques in this investigation, in this study, like in many others, it was not possible to probe Li + interactions at the lower concentrations used in lithium therapy. Other more sensitive approaches, such as fluorescence microscopy and spectroscopy, will be necessary for the direct visualization of the location of Li + within the cell. [14, 32] .
